INTRODUCTION
============

Type 2 diabetes is a chronic metabolic disorder, and its pathogenesis is characterized by insulin resistance and β-cell dysfunction \[[@B1]\]. Recently, there has been growing evidence that a functional defect of β-cells may be central to the development and progression of type 2 diabetes \[[@B2]\]. Pancreatic β-cells play a key role in maintaining normal glucose metabolism through adequate insulin secretion in response to hyperglycemia \[[@B3],[@B4]\]. Glucose metabolism is normally maintained by oxidative phosphorylation; however, chronic exposure to elevated glucose concentrations can cause glucotoxicity that causes irreversible cellular damage, which then results in decreased β-cell mass and increased apoptosis. Glucotoxicity decreases insulin mRNA expression in β-cells, and one explanation for this is due to a marked reduction in posttranscriptional PDX-1 processing. Decreased pancreatic and duodenal homeobox-1 (PDX-1) expression results in diminished insulin content and impairment of glucose stimulated insulin secretion (GSIS). The adverse effect of glucose toxicity that is mediated at least in part by generation of reactive oxygen species (ROS) also impairs insulin gene expression that is associated with β-cell function.

ROS are known to cause cellular damage by oxidizing nucleic acid and are also involved in the activation of genes that are associated with the mechanisms of cell defense \[[@B5]\]. Previous studies have demonstrated that high glucose can increase the accumulation of intracellular ROS that results in oxidative stress to the β-cells. However, the amount of antioxidant enzyme needed to catabolize ROS in islets is very low compared to levels in other tissues \[[@B6],[@B7]\]. A number of studies have reported that the overexpression of antioxidant genes helps to protect β-cells against oxidative stress \[[@B8]-[@B10]\].

Heme oxygenase-1 (HO-1) is a rate limiting enzyme in the heme degradative pathway and is up-regulated by various stimulants, such as oxidative stress, inflammation, and endotoxin \[[@B11]-[@B13]\]. HO-1 has several biological effects on antioxidant, anti-inflammatory and immune regulatory functions during times of cellular stress. Induction of HO-1 in islets results in protection from the detrimental effect that is mediated by cytokines \[[@B14]\]. Cobalt protoporphyrin (CoPP), a substrate of HO-1, is known to increase HO-1 expression and activity. Although several studies have indicated CoPP as a potent HO-1 inducer, the effect of CoPP on INS-1 cells exposed to a high glucose condition has not been determined.

We investigated whether HO-1 up-regulation by CoPP protects INS-1 cells from hyperglycemia when induced by oxidative stress.

METHODS
=======

Cell cultures and treatment
---------------------------

INS-1 cells were cultured in RPMI 1,640 medium (Sigma, St. Louis, MO, USA) containing 11.1 mM glucose, 10% fetal bovine serum (FBS; Hyclone, Logan, UT, USA), 2 mM L-glutamine (Gibco BRL, Grand Island, NY, USA), 100 U/mL penicillin, 100 µg/mL streptomycin, and 250 ng/mL amphotericin B (WelGENE, Daegu, Korea). The cells were cultured in a humidified atmosphere containing 5% CO~2~ at 37℃. All of the studies were performed on INS-1 cells that were between the 21st and 29th passages.

After serum starvation with 60% of confluency for 12 hours, the INS-1 cells were incubated for either 24 hours or 72 hours with mannitol and at a low glucose (LG; 5.5 mM) or high glucose (HG; 27.7 mM) concentration, respectively. INS-1 cells were incubated with 500 nM of CoPP (Sigma, St. Louis, MO, USA) for 4 hours to induce HO-1.

Semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR) analysis
-----------------------------------------------------------------------------------

The TRIZOL reagent (Invitrogen, Carsbad, CA, USA) was used to isolate the RNA from treated INS-1 cells. RNA was extracted with BCP (1-bromo-3-chloropropane; Molecular Research Center, Cincinnati, OH, USA) followed by centrifugation to separate the sample into aqueous and organic phases. RNA was recovered from the aqueous phase by an isopropyl alcohol precipitation and then suspended in diethylpyrocarbonate (DEPC)-treated water. After quantification by spectrophotometer (UV/VIS Spectrophotometer ND-1000; Nanodrop, Silmington, DE, USA), 2 µg of RNA was subjected to 85℃ for 3 minutes prior to the addition of 5X First-Strand buffer (Invitrogen), 0.1 M dTT (Invitrogen), 50 µg/µL Random hexamer (Invitrogen), 10 mM dNTP (Invitrogen), RNaseOUT™ (40 U/µL, Invitorogen), and SuperScrip™ II Reverse Transcriptase (200 U/µL, Invitrogen). Reverse transcription (RT) reactions were 10 minutes at 25℃, 60 minutes at 42℃, and 10 minutes at 95℃. The resulting cDNA products were stored at -70℃.

The PCR reaction that was designed to amplify the cDNA fragments (Promega, Madison, WI, USA) contained 1 µL of each forward and reverse primer (10 pM), 6 µL of DEPC water, and 2 µL of cDNA template. Oligonucleotide primers for HO-1 (forward: 5\'-TCAAGCACAGGGTGACA-3\'; reverse: 5\'-CATAAATTCCCACTGCCACG-3\') and cyclophilin (forward: 5\'-AACCCCACCGTGTTCTTC-3\'; reverse: 5\'-TGCCTTCTTTCACCTTCCC-3\') were used. The PCR products were separated by electrophoresis on 2% agarose gel, visualized by ethidium bromide staining under ultraviolet light, and analyzed with the Quantity One program (Bio-Rad, Hercules, CA, USA). The gene expression level of the cyclophilin was used to quantify the expression of a housekeeping gene.

Cytotoxicity assay
------------------

Highly sensitive water soluble tetrazolium salt (WST) was used as an indicator of cell viability as determined by mitochondrion-dependent reduction to formazane. A total of 5×10^5^ INS-1 cells were seeded into each well of a 96-well plate. The medium was then replaced with 100 µL of fresh culture medium that was then treated for 3 hours at 37℃ and that contained 5% CO~2~ in the presence of 10 µL of CCk-8 solution (Cell counting kit-8; Dojindo, Kumamoto, Japan). The absorbance of the supernatant was measured at 450 nm on an automated microplate reader (Bio-Rad). The ratio of living cells was calculated by measuring the absorbance of the supernatant at each concentration divided by that of the control.

Acridine orange (AO)/propidium iodide (PI) staining
---------------------------------------------------

For AO/PI staining, the cells were seeded at 1×10^6^ cells/well into a 6-well plate that was then treated with another glucose concentration and 500 nM CoPP for 24 hours and 72 hours, respectively. Afterward, the PBS-treated cells were then stained with both AO (100 µg/mL) and PI (500 µg/mL) at a 1:1 dilution and treated with 1 µL/mL. Cells were visualized using a fluorescence microscope (Zeiss, Oberkochen, Germany). The cell death rate of the β-cells according to the PI staining was calculated relative to the percentage of all cells.

Hydrogen peroxide measurement
-----------------------------

The INS-1 cells were labeled with 10 µM chloromethy-2\',7\'-dichlorofluorescein diacetate (CM-H~2~DCFDA; Molecular Probes, Carlsbad, CA, USA) for 30 minutes at 37℃. After 3 PBS washes, the cells were then harvested after incubation with trypsin-EDTA (Gibco BRL) for 1 minute at 37℃, followed by centrifugation at 1,200 rpm for 5 minutes. The cells were washed twice with PBS, resuspended in PBS, and 1 µg/mL of propidium iodide was added. The cells were analyzed using a flow cytometer. A fluorescence microscope was used to observe the ROS. The cells were labeled with 10 µM carboxy-H~2~DCFDA and washed 3 times with PBS. This was followed by the addition of 1 µg/mL propidium iodide and incubated for 10 minutes. Cells were visualized using a fluorescence microscope (Zeiss).

Western blotting analysis
-------------------------

INS-1 cells were collected in lysis buffer (25 mM Tris-HCl, pH 7.4, 0.1% SDS, 0.1% Triton X-100, 1% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM Na~3~VO~4~, 1 mM PMSF, 10 µg/mL aprotinin, and 5 µg/mL leucopeptin) on ice and centrifuged at 13,000 rpm for 30 minutes. The protein concentrations were then determined using the Bradford method. Total cell protein (30 µg) was separated using either 10% or 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and were then transferred to nitrocellulose membranes. Membranes were blocked with 5% skim milk (BD Bioscience, San Diego, CA, USA) in Tris buffered saline containing 0.05% Tween 20 (TBST) for 1 hour at room temperature. The cells were then incubated with the assigned primary antibody, HO-1 (1:2,000; Stressgen, Victoria, Canada), caspase-3 (1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA), and β-actin (1:5,000; Abcam, Cambridge, MA, USA), which were all diluted in TBST containing 5% skim milk overnight at 4℃. The membrane was washed three times with TBST for 8 minutes each and incubated with a goat anti-rabbit HRP-conjugated antibody and anti-mouse antibody (1:3,000; Pierce Biotechnology, Rockford, IL, USA) in TBST containing 5% BSA for 1 hour at room temperature. After washing, an X-ray of the membrane was developed using an ECL detection kit (GE Healthcare, Milwaukee, WI, USA).

Detection of apoptotic cells
----------------------------

Apoptotic cells were detected using the TUNEL (Tdt-mediated dUTR nick-end labeling) technique. Following either the glucose or the CoPP treatment, cells were washed with PBS and fixed in 4% paraformaldehyde in PBS for 1 hour at room temperature. After washing, the cells were incubated in permeabilization solution for 2 minutes on ice. The cells were labeled according to the instructions provided by the manufacturer of the TUNEL assay (Roche, Mannheim, Germany). The TUNEL-positive cells were visualized using confocal microscopy (Zeiss).

GSIS
----

Treated INS-1 cells were incubated for 2 hours in 2 concentrations of Krebs-Ringer buffer (KRB) that contained 5.5 mM and 25 mM concentrations. After the incubation, the supernatants were obtained and frozen at -70℃ prior to the determination of insulin secretion. The insulin secretion of the Krebs-Ringer buffer samples was measured using a radioimmunoassay kit (Linco Research Immunoassay, St. Charles, MO, USA).

Statistical analysis
--------------------

The experimental results are presented as mean±standard error. Statistical analysis was performed using SPSS version 11.5 (SPSS Inc., Chicago, IL, USA). An independent sample *t*-test was used to compare the mean values of the continuous variables between the two groups. One-way ANOVA with a Fisher\'s post hoc analysis was used for the comparison of data among the experimental groups. *P* values of less than 0.05 were considered to be statistically significant.

RESULTS
=======

The optimal concentration and incubation time for CoPP
------------------------------------------------------

The expression of HO-1 mRNA was measured in INS-1 cells at varying concentrations of CoPP (0 nM, 500 pM, 5 nM, 50 nM, 500 nM, 5 µM) using semi-quantitative RT-PCR. HO-1 mRNA was increased in a dose-dependent manner ([Fig. 1](#F1){ref-type="fig"}). It was determined that 500 nM of CoPP was the optimal concentration for the experiment. The treated INS-1 cells were then incubated with 500 nM of CoPP for 1, 2, 4, 6, and 24 hours, respectively. In the presence of 500 nM of CoPP, the expression of the HO-1 mRNA was observed to increase in a time-dependent manner throughout the 24 hour period ([Fig. 2](#F2){ref-type="fig"}).

Effect of CoPP on the INS-1 cell death rate by HG
-------------------------------------------------

We examined the cell protective effect of CoPP on INS-1 cells using a cytotoxicity assay. The cell viability was measured at varying concentrations of CoPP (0 nM, 500 pM, 5nM, 50nM, 500 nM, 5 µM, 50 µM). A significant diminishment of cell viability was observed at 5 µM and at 50 µM, and we found that maximum cell viability occurred at a concentration of 500 nM ([Fig. 3](#F3){ref-type="fig"}). Subsequently we observed the cell death with AO/PI staining at LG and HG conditions in the presence or absence of CoPP. Cell death rate significantly increased under HG conditions compared with that of LG conditions ([Fig. 4](#F4){ref-type="fig"}). Treatment of INS-1 cells with CoPP decreased cell death by approximately 50% after 72 hours ([Fig. 5](#F5){ref-type="fig"}).

Generation of ROS at different glucose concentrations
-----------------------------------------------------

To observe the effect of CoPP on the generation of ROS in INS-1 cells exposed to HG, we measured ROS using flow cytometry with carboxy-H~2~DCFDA. The INS-1 cells were treated with carboxy-H~2~DCFDA in 6-well plates and were observed by fluorescence microscopy. The INS-1 cells that were cultured for either 24 hours or 72 hours in HG had higher fluorescence intensity than that in the cells cultured in the LG condition. Fluorescence intensity also decreased significantly after 72 hours in the presence of CoPP ([Fig. 6A](#F6){ref-type="fig"}). However, there was no difference at 24 hours regardless of CoPP. Through fluorescence microscopy, we found that increased ROS generation was observed at the HG condition at 72 hours. CoPP treatment was found to decrease ROS generation ([Fig. 6B](#F6){ref-type="fig"}).

Changes in HO-1 and caspase-3 cleavage protein expression by HG
---------------------------------------------------------------

The expression levels of HO-1 and caspase-3 cleavage were also studied in INS-1 cells that were incubated for different durations of time and glucose concentrations with or without CoPP. The induction of HO-1 protein expression was clearly detected in INS-1 cells treated with CoPP independent of the culture time ([Fig. 7A](#F7){ref-type="fig"}).

We did not find any differences in caspase-3 protein level among the groups with different glucose concentrations at 24 hours. However, incubation of INS-1 cells in HG for 72 hours significantly increased the expression of caspase-3. Treatment with CoPP significantly decreased the caspase-3 level by 50%, which indicates that CoPP ameliorates the HG-induced apoptosis in INS-1 cells ([Fig. 7B](#F7){ref-type="fig"}).

We also performed the TUNEL assay in order to observe INS-1 cell apoptosis under different culture conditions. Higher numbers of TUNEL-positive cells were found in INS-1 cells that were incubated in HG conditions for 72 hours. CoPP decreases the number of apoptotic cells in INS-1 cells incubated in HG conditions ([Fig. 7C](#F7){ref-type="fig"}).

GSIS in INS-1 cells
-------------------

GSIS was performed in INS-1 cells after a 24- or 72-hour culture period with different glucose concentrations, respectively. At 24 hours of culture, the GSIS level showed no significant difference among the groups, which indicates no effect of HG on insulin secretion until 24 hours. However, at 72 hours, the insulin secretion in the HG condition had significantly decreased compared to that of the LG condition. Moreover, GSIS was not restored even in the presence of CoPP ([Fig. 8](#F8){ref-type="fig"}).

DISCUSSION
==========

In this study, we found that the over-expression of HO-1 by CoPP resulted in the protection of INS-1 cells from HG-induced oxidative stress and apoptotic cell death.

It is well established that chronic hyperglycemia in patients with type 2 diabetes mellitus causes progressive deterioration of β-cell function. In the present study, we investigated the effect of HO-1 over-expression on β-cells that are exposed to high levels of glucose. We incubated INS-1 cells in a normal glucose condition for 48 hours, which did not result in cell death, as previously reported \[[@B15]\]. However, 72 hour exposure of INS-1 cells to HG media did increase the number of dead cells. HG *in vitro* is supposed to have a role in apoptosis induced by cytokines; however, it is of interest that our finding showed no difference in cytokine levels regardless of the glucose concentration of the culture media (data not shown). Our finding is not consistent with that of a previous study \[[@B16]\], but this can be explained by differences in the cell type, time course, and glucose concentrations that were used in cell culture.

Various studies have explored the mechanism by which chronic elevation of glucose causes damage to β-cells. The oxidative stress that occurs in response to chronic exposure to HG can directly cause β-cell damage, which is mediated by an increased intracellular accumulation of ROS. The mechanisms of β-cell damage by ROS are enhanced by oxidizing nucleic acid, proteins, and membrane lipids \[[@B17]\]. Moreover, it has been proposed that ROS decreases the expression of genes that are associated with β-cell function and activates stress genes, such as HO-1, glutathione peroxidase, and A20, which are all involved in cell damage as well as cell defense \[[@B4],[@B14],[@B18]\].

The intracellular peroxide levels were detected using cytometric analysis to observe the effect of HO-1 up-regulation. Our finding that HG, rather than lower glucose level, is capable of generating more ROS in INS-1 cell lines is compatible with the findings published by Won et al. \[[@B19]\], which suggest that oxidative stress might be mediated by glucotoxicity. In this experiment, apoptosis was confirmed by the caspase-3 and TUNEL assay. Increased caspase-3 protein level and cell death rate in HG conditions were both decreased in parallel with the addition of CoPP. The effect of CoPP on cell protection is known to be related to the up-regulation of HO-1. HO-1 is one of the antioxidant enzymes responsible for heme degradation, which catalyzes its oxidation into biliverdin, carbon monoxide (CO) and free iron \[[@B20]\]. The induction of HO-1 results in partial cytokine-mediated apoptosis in the βTC3 cell line and preservation of insulin release *in vitro* \[[@B21]\]. The mechanisms of action of HO-1 can be explained by the elevated level of bilirubin, which has an antioxidant property via scavenging for ROS and the production of CO, both of which have an anti-inflammatory effect and inhibit apoptosis. In addition, cellular free iron can lead to the formation of ferritin, which has an iron detoxifying effect \[[@B22]\].

Previous studies have shown that a marker for oxidative stress is elevated in an animal model of non-obese type 2 diabetes \[[@B23]\]. However, antioxidant enzyme expression and activity in insulin producing cells are known to be very low compared with those in other tissues \[[@B7]\]. Similarly, the results of our previous study, which observed gene expression in β-cell-rich tissue using laser capture microdissection, demonstrated that HO-1, an antioxidant enzyme, was not detected in endogenous islets \[[@B24]\].

There is recent evidence that treatment of diabetic rats with antioxidants does protect β-cells against glucose toxicity. Antioxidants, such as *N*^G^-Methyl-l-arginine or aminoguanidine, have demonstrated recovery of insulin mRNA expression and release in HG conditions \[[@B25]\]. Also, over-expression of an antioxidant enzyme, such as superoxide dismutase or catalase, showed islet protection from oxidative stress in animal models \[[@B26],[@B27]\].

Previous studies have demonstrated that CoPP has a cytoprotective effect, attributed to its ability to reduce inflammation and cell damage via up-regulation of HO-1 \[[@B28]\]. Won et al. \[[@B19]\] has reported that hemin, another HO-1 inducer, increased HO-1 mRNA expression and insulin secretion was restored at high glucose condition (30 mM). In terms of insulin secretion, our finding is different from that of Won et al. \[[@B19]\]. However, the direct effect of metaloporphyrin on insulin secretion is not fully elucidated. In addition, the glucose concentration in culture media and incubation time with metaloporphyrin was different from those of our experiment. In the present experiment, HO-mRNA expression by CoPP increased in both a dose- and time-dependent manner. The optimal dose determined for HO-1 induction was different from that determined in another experiment, and the higher concentration of CoPP leading to cell death in our study suggests that CoPP might have direct toxic effects on cultured islets even in lower glucose conditions. HO-1 protein levels were similar regardless of the glucose concentration and culture time, but the augmented response after addition of CoPP was observed until 72 hours. This finding suggests that high glucose condition induces HO-1 induction but is not sufficient for cell protection. In terms of insulin secretion, protophophyrin has been shown to enhance insulin secretion \[[@B14]\] and up-regulation of HO-1 increases GSIS under high glucose conditions. GSIS in INS-1 cells cultured in a high glucose condition for 72 hours was significantly decreased compared to cells in the LG condition; in addition, it was not restored in the presence of CoPP. It is not clear whether HO-1 directly increases insulin secretion, but the insulin content was not measured in the present study. The exact mechanism by which HO-1 up-regulation preserves insulin secretion from high glucose should be the subject of future research and elucidated. In summary, these results suggest that the induction of HO-1 in response to CoPP in a β-cell line provides a protective effect against HG-induced oxidative stress; however, the glucose stimulated insulin secretory response was not restored under HG condition.
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![mRNA expression of heme oxygenase-1 (HO-1) in INS-1 cells after 24 hours treatment with different concentration of cobalt protoporphyrin (CoPP) (0 nM, 500 pM, 5 nM, 50 nM, 500 nM, 5 µM, 50 µM). Data are mean±standard error of the 3 separate experiments. ^a^*P*\<0.01 vs. control (0 nM).](dmj-35-469-g001){#F1}

![Heme oxygenase-1 (HO-1) mRNA expression of INS-1 cells in the presence of 500 nM of cobalt protoporphyrin (CoPP) with different time course (1, 2, 4, 6, and 24 hours). Data are mean±standard error of the 3 separate experiments. ^a^*P*\<0.01 vs. control (0 nM).](dmj-35-469-g002){#F2}

![Cytotoxicity assay of qualifying cell death in INS-1 cells. 5×10^5^ cells/well were seeded into a 96-well plate, and each well was treated with 10 µL of CCk-8 solution (Cell counting kit-8) for 3 hours at 37℃ containing 5% CO~2~. Data are expressed as mean±standard error of the 3 separate experiments. ^a^*P*\<0.05 vs. control (0 nM).](dmj-35-469-g003){#F3}

![Cell death rate in cultured INS-1 cells according to acridine orange (AO)/propidium iodide (PI) staining. (A) AO/PI staining in the presence of mannitol, low glucose (LG; 5.5 mM/L), and high glucose (HG; 27.7 mM/L) concentrations in INS-1 cells. The red-stained cells are dead. (B) Time-dependent course of cell death rate. Image was obtained using a microscope (×200). Data are expressed as mean±standard error of the 3 separate experiments. ^a^*P*\<0.05 vs. LG (72 hours).](dmj-35-469-g004){#F4}

![Effect of cobalt protoporphyrin (CoPP) on cell death rate in cultured INS-1 cells using acridine orange (AO)/propidium iodide (PI) staining. (A) AO/PI staining in the presence or absence of CoPP (500 nM) in INS-1 cells at different glucose concentrations. The red-stained cells represent dead cells. (B) Effect of CoPP on cell death rate in cultured INS-1 cells using AO/PI staining. Imaging performed with a microscope (×200). Data are expressed as mean±standard error of the three separate experiments. ^a^*P*\<0.05 vs. low glucose (LG), ^b^*P*\<0.01 vs. high glucose (HG).](dmj-35-469-g005){#F5}

![Intracellular peroxide level in INS-1 cells using flow cytometry. (A) The amount of reactive oxygen species (ROS) was measured to observe the effect of cobalt protoporphyrin (CoPP). (B) Fluorescence microscopy of ROS staining in INS-1 cells. The green staining is DCFDA and the red staining is propidium iodide. Image obtained using a microscope (×200). Data are expressed as mean±standard error of the three separate experiments. ^a^*P*\<0.01 vs. low glucose (LG), ^b^*P*\<0.05 vs. high glucose (HG).](dmj-35-469-g006){#F6}

![Effect of cobalt protoporphyrin (CoPP) on protein level was determined using a Western blot analysis. (A) The level of heme oxygenase-1 (HO-1) protein. (B) The level of caspase-3 protein. (C) Confocal microscopy for TUNEL staining in INS-1 cells at 72 hours. The green staining is TUNEL and the blue staining is DAPI. Imaging performed with a confocal microscope (×400). Data are expressed as mean±standard error for the 3 separate experiments. ^a^*P*\<0.05 vs. low glucose (LG), ^b^*P*\<0.01 vs. high glucose (HG).](dmj-35-469-g007){#F7}

![The effect of cobalt protoporphyrin (CoPP) on glucose-stimulated insulin secretion at 24 hours and 72 hours in low glucose (LG; 5.5 mM/L) and high glucose (HG; 25 mM/L) concentrations. Data are expressed as mean±standard error of the 6 separate experiments. ^a^*P*\<0.05 vs. LG.](dmj-35-469-g008){#F8}
